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I. INTRODUCTION
Compounds containing the pyrazole ring motif have a wide range of applications in medicinal chemistry and other areas such as catalysis. 1 Pyrazole is known to inhibit the action of alcohol dehydrogenase (ADH), 2 while 4-methylpyrazole (also known as fomepizole) effectively blocks the metabolism of methanol by ADH and is currently the recommended antidote for methanol poisoning. 3, 4 4-Bromopyrazole and 4-iodopyrazole retain an ability to function as inhibitors of ADH action 5, 6 but are potentially of much broader interest. The combination of halogen-and hydrogen-bonding capabilities possessed by each of these halopyrazoles has led to them being labeled as "magic bullets" for biochemical structure determination. 7 Rotational spectroscopy can be used to provide information about the geometric and electronic structures of molecules. Microwave spectra have previously been reported for the isolated pyrazole molecule in the gas-phase [8] [9] [10] [11] [12] [13] [14] and also for derivatives and complexes. [15] [16] [17] This report describes the pure rotational spectra of 4-bromo-and 4-iodopyrazole, which have been recorded for the first time. The data are analyzed and found to be consistent with the planar geometries expected for these molecules. Hyperfine structures in microwave spectra provide information about the occupation of molecular orbitals close to quadrupolar nuclei 18, 19 inform the understanding of the nature of intermolecular interactions such as halogen bonding, which rely strongly on the form of the electron distribution around the nucleus. [20] [21] [22] During this work, it will be shown that the hyperfine structure in the microwave spectra of 4-bromo-and 4-iodopyrazole provides an important perspective on charge distributions within these molecules. 18 The data are interpreted with reference to the ability of the 4-halopyrazoles to form strong intermolecular, halogen bonding interactions. The results provide a novel perspective from which to examine the observations of Bauman et al. concerning the usefulness of these molecules for protein crystallography. 7
II. EXPERIMENTAL
Each molecule was transferred into the gas phase by laser ablation of a solid rod containing the appropriate 4-halopyrazole in a copper matrix. Solid rod targets of 5 mm in diameter were prepared (respectively, for each of 4-bromopyrazole and 4-iodopyrazole) by compressing an equimolar mixture of the 4-halopyrazole (Sigma-Aldrich, 99%) with copper powder (Sigma-Aldrich, <75 µm, 99%). Laser ablation of the solid rod target was achieved using the focused second harmonic output of an Nd:YAG laser (532 nm, 20 mJ/pulse, 10 ns pulses). A small quantity of the laser-vaporised 4-halopyrazole was thus entrained in a flow of argon gas (BOC Pureshield Argon) undergoing supersonic expansion into the CP-FTMW (chirped-pulse Fourier transform microwave spectrometer) spectrometer. The argon carrier gas was introduced from a cylinder held at a backing pressure of 7 bar via a pulsed valve. The experiment employed a 2 Hz repetition rate with respect to the sequence of steps that introduce the chemical sample into the CP-FTMW spectrometer. The solid target rod was continually translated and rotated to ensure that fresh surface material was exposed to each laser pulse. When required to facilitate experiments on isotopically enriched species, samples of each 4-halopyrazole were deuterated at the pyrrolic nitrogen position. The halopyrazole (∼2 g) was stirred in THF/D 2 O (1:1, 20 mL total) for at least 3 hours before being concentrated to dryness on a rotary evaporator. Further D 2 O was added, and this was done for a further 3-4 times with at least one exchange allowed to run overnight. After final concentration, the solid was lyophilised overnight to afford the deuterated product. The spectrometer and ablation source have been described in detail 23, 24 in previous reports describing measurements performed between 7.0 and 18.5 GHz. During the present work, some modifications were made to extend the spectral range to allow the measurement of transitions at frequencies as low as 2.0 GHz. Figure 1 shows a schematic of the current CP-FTMW spectrometer. When measuring spectra between 7.0 and 18.5 GHz, operation is exactly as described previously 23, 24 with the exception that the horn antennae have been replaced with larger versions that are effective across a wider frequency range (Steatite Q-Par, QSH-SL-2-18-N-HG-R, 2-18 GHz, 10-22 dBi gain). Various components (highlighted in blue) are removed to allow the measurement of spectra between 2.0 and 8.0 GHz. When performing measurements within this lower frequency range, the chirp produced by the waveform generator is input directly to a traveling-wave tube amplifier (TWTA) that provides amplification in the 2.0-8. measurements performed between 2.0 and 8.0 GHz do not require the heterodyne mixing stage.
In order to record a microwave spectrum, molecules within the sample are polarised by a microwave chirp of 1 µs in duration. The free induction decay (FID) of the molecular emission is recorded over the subsequent 20 µs. The gas pulse travels through the interaction region over a longer timeframe so the above sequence of pulses is repeated eight times per gas pulse. FIDs are digitized and recorded by a 100 GS/s digital oscilloscope (Tektronix DPO72304SX) and all data are averaged in the time domain. Fourier transformation is performed using a high resolution window function. Each transition in the frequency domain spectra is observed as a single peak with a full-width at half-maximum of roughly 100 kHz and the estimated precision of frequency measurement is ca. 10 kHz.
III. AB INITIO CALCULATIONS
The structures of 4-bromo-and 4-iodopyrazole were optimised using density functional theory (DFT) as implemented in the Gaussian09 software package. 25 The B3LYP functional was used, [26] [27] [28] [29] along with the aug-cc-pVTZ basis set for all atoms except iodine. [30] [31] [32] [33] In the iodine case, where this basis set was not available, the aug-cc-pVTZ-PP basis set was used with an effective core potential, 34 as obtained from the EMSL basis set exchange. 35, 36 Figure 2 shows the results of these calculations, including the orientation of the dipole moments, which have their largest components in the direction of the b-axis in both cases (2.19 D for bromopyrazole, 2.18 D for iodopyrazole), with smaller components in the direction of the a-axis. Using the geometries obtained as described, the nuclear quadrupole coupling parameters were calculated using DLPNO-CCSD(T) 37 (domain-based, local pair-natural orbitals used within a coupled-cluster method with single, double, and a perturbative treatment of triple excitations) as implemented within the ORCA quantum chemistry package. 38 A QZVP basis set was used throughout and a fine integration grid 7 was adopted for numerical accuracy. Relativistic effects were included using the Douglas Kroll Hess Hamiltonian 39 to the second order and finite nuclear effects 40 were included. 
IV. RESULTS

A. Qualitative observations
The spectrum of 4-iodopyrazole was recorded over 220k FIDs in the 2.0-8.0 GHz region and 270k FIDs in the 7.0-18.5 GHz region. The most intense transitions of 4-iodopyrazole were recorded with a signal/noise ratio of 50:1; over one thousand transitions were sufficiently intense to observe. In addition to transitions of 4-iodopyrazole, the observed spectrum displays many peaks that assign to molecules formed by the fragmentation of the precursor. These included (HCN 2 , which is presumed to be a result of the contamination of the gas lines behind the valve by small amounts of H 2 O impurity. 60 Figure 3 shows the spectra recorded in both regions after removal of peaks corresponding to the fragments listed above. Spectra subsequently recorded for the N-deuterated isotopologue (510k and 280k FIDs for the 2.0-8.0 GHz and 7.0-18.5 GHz frequency ranges, respectively) revealed transitions of deuterated species including CH 2 DCN, 61 2 . 66 Consistent with the relative magnitudes of the a-and bcomponents of the dipole moment (calculated to be 0.80 D and 2.18 D, respectively), the observed spectra of both 4-iodopyrazole and its N-deuterated isotopologue consist primarily of b-type transitions with some a-type transitions also observed. The frequency range between 8 and 11 GHz is dominated by Q-branch transitions. Intense R-branch lines are observed at frequencies above the upper limit of this range with weaker R-branch transitions observed throughout the spectrum. An expanded view displaying the hyperfine structure within J → J transitions of the most intense Q-and Rbranches of the parent isotopologue is shown in Fig. 3 . Nuclear electric quadrupole coupling interactions between the various quadrupolar nuclei and the electric field gradient at the nucleus introduce significant hyperfine structures into each J → J transition. Hence, the large intervals between the distinct groups of peaks in the inset of Fig. 3 result from the hyperfine structure introduced by the iodine nucleus (I = 5/2). 67 The smaller splittings apparent within each group result from nuclear quadrupole coupling of the nitrogen nuclei (I = 1). 19, 68 Spectra were measured for the undeuterated isotopologues of 4-bromopyrazole between 2.0-8.0 GHz and 7.0-18.5 GHz and were averaged over 590k and 140k FIDs, respectively. Spectra of the N-deuterated isotopologue were recorded over the same frequency ranges and averaged over 200k and 370k FIDs, respectively. Fragmentation products observed in the spectra of 4-bromopyrazole and its N-deuterated isotopologue are generally consistent with the expectation that 4-bromopyrazole disintegrates by similar mechanisms to those followed by 4-iodopyrazole. The most intense transitions of 4-bromopyrazole were observed with a signal/noise ratio of 30:1. The spectra somewhat resemble those of 4-iodopyrazole but are more challenging to assign because bromine has two naturally occurring isotopes ( 79 Br and 81 Br) of similar abundance. 69 Approximately 300 transitions were recorded for each of C 3 N 2 H 3 79 Br and C 3 N 2 H 3 81 Br. Each of the isotopes of bromine possesses a nuclear spin, I = 3/2, and the nuclear quadrupole moments are of similar magnitude. 70 Hyperfine splittings introduced by 79 Br and 81 Br are therefore similar and responsible for intervals between groups of transitions. These splittings and the isotopic shift are apparent in the inset panes of Fig A simulated spectrum generated using PGOPHER (and the constants presented in Table I ) is displayed as a negative-going trace. One section from each of a Q-and R-branch is shown in detail (top left and top right insets); starred peaks belong to 4-iodopyrazole transitions that assign to quantum numbers other than those indicated by the inset label. J. Chem. Phys. 147, 214303 (2017) FIG. 4. Microwave spectrum of 4-bromopyrazole recorded in the 2.0-18.5 GHz region. The experimental data are displayed on the top half of each inset. Simulated spectra generated using PGOPHER (and the constants presented in Table II ) are displayed as negativegoing traces. One section from each of a Q-and R-branch is shown in detail (top left and top right insets); starred peaks belong to 4-bromopyrazole transitions that assign to quantum numbers other than those indicated by the inset label. strong Q-branch was again observed in the centre of the spectrum between 8 and 11 GHz with R-branch transitions found throughout the range of the spectrum.
B. Determination of spectroscopic constants
Transitions in the spectrum of each halopyrazole were assigned and fitted to determine spectroscopic constants using Western's PGOPHER software package, [71] [72] [73] with final fits performed using SPFIT. 74 The Hamiltonian used for each fit was
where H R is the energy operator (Watson's A-reduction) for a semi-rigid asymmetric rotor. The remaining terms represent the nuclear electric quadrupole coupling interactions of each quadrupolar nucleus within the molecule with the electric field gradient at that nucleus. The interaction is given by the scalar (or inner) product of the nuclear quadrupole moment dyadic, Q, and the dyadic of the electric field gradient, ∇E. The halogen atom is represented by X, and the pyrrolic and pyridinic nitrogen atoms are represented by N1 and N2, respectively. The matrix elements of the Hamiltonian were constructed in the coupled asymmetric rotor basis J + I I = F 1 , F 1 + I N1 = F 2 , F 2 + I N2 = F, and diagonalised in blocks of the quantum number, F. Hyperfine structure introduced by the hydrogen and deuterium nuclei was not distinguished at the resolution of the present experiments. Tables I and II compare the fitted values of rotational, centrifugal distortion, and nuclear quadrupole coupling constants with those calculated ab initio for 4-iodopyrazole and 4-bromopyrazole. The agreement between calculated and experimentally determined rotational and centrifugal distortion constants is excellent, confirming that the molecular carriers of the spectra are the described halopyrazoles. Full details of nuclear coordinates in the geometries calculated ab initio are provided as supplementary information. The intensities of a-and b-type transitions in all observed spectra are broadly consistent with the expected magnitudes of the dipole moments in these structures. The magnitudes of the experimentally determined nuclear quadrupole coupling constants are less consistent with the theoretical results. An important check of the experimentally determined results involves comparing the nuclear quadrupole coupling constants of isotopologues that are distinct only in respect of the identity of their contained bromine isotope. In these cases, the ratio of nuclear quadrupole coupling constants, χ aa ( 79 Br)/χ aa ( 81 Br), is found to be consistent with the ratio of the nuclear quadrupole moments, Q( 79 Br)/Q( 81 Br), providing confirmation of the correct line assignments. 18 Similar agreement is obtained when the equivalent calculation is performed for the experimentally determined values of χ bb (Br) − χ cc (Br).
C. Molecular geometry
4-Iodopyrazole and 4-bromopyrazole are formally asymmetric rotors but very near to the prolate symmetric rotor limit (κ = 0.980 and 0.964 for C 3 H 3 IN 2 and C 3 H 3 BrN 2 , respectively). The level of agreement between the experimentally determined and ab initio calculated rotational and centrifugal distortion constants confirms the basic geometry and connectivity of each molecule to be as presented in Fig. 2 . The experimentally determined rotational constants allow calculation of an inertial defect, ∆ 0 , for each halopyrazole,
where
, and I 0 c are the moments of inertia determined from the experimentally measured A 0 , B 0 , and C 0 Lack of data from a broad range of isotopologues prevents the determination of many bond lengths and angles for either 4-halopyrazole. The coordinates of the hydrogen atom in 4-iodopyrazole, as calculated using Kraitchman's equations, 76 are [3.8805(4), 1.145(1), 0] Å, in the inertial axis system, where the errors are given by δa = 0.0015/|a| Å after Costain 18, 77 with the c-coordinate fixed at zero. This is consistent with the ab initio calculated position of (3.8787, 1.148, 0) Å, providing further support for assignment to the correct molecular carrier and the accuracy of the calculated molecular structure. The available data allowed the calculation of the a, b-coordinates of both the hydrogen attached to the pyrrolic hydrogen and the bromine atom in 4-bromopyrazole while fixing the c-coordinate to zero in each case. The coordinates of the N-bound hydrogen atom determined by the Kraitchman analysis are [3. 3722 (4) Evidently, the results determined experimentally and those determined by DFT are consistent with respect to these atom coordinates. It should be noted that the substitution coordinates of hydrogen atoms are known to be determined quite poorly by the Kraitchman analysis owing to the significant change in zero-point vibrational energy that accompanies hydrogen/deuterium substitution. The length of the C− −Br bond was estimated from the available data by using Kisiel's STRFIT to calculate an r 0 distance. 78 This model involves calculating an r 0 distance from B 0 by the same method as is used to calculate r e from B e . It was first necessary to assume that all other bond lengths and angles (those that are internal to the pyrazole sub-unit) are unchanged from those determined by Nygaard et al. for the unhalogenated pyrazole monomer. 11 The result of the fit for r(C− −Br) is 1.8540(12) Å, which is similar to r 0 values of around 1.87 Å found for r(C− −Br) in other bromine-containing aromatic compounds such as bromobenzene and bromopyridines. [79] [80] [81] 
D. Nuclear quadrupole coupling constants
Experimental results for nuclear quadrupole coupling constants are conventionally quoted with respect to the inertial axes of the molecule under examination. Comparisons between the nuclear quadrupole coupling constants of a range of molecules will require that all nuclear quadrupole coupling constants are referenced against an appropriate, alternative framework. The various χ aa , χ bb , and χ cc are therefore transformed into the principal nuclear axis system such that a mutually perpendicular set of x, y, and z axes is located on each individual quadrupolar nucleus for comparisons to follow. Both 4-iodopyrazole and 4-bromopyrazole are planar, so each out-of-plane c-axis will be parallel to one of the new principal nuclear axes. The a-and b-axes are transformed onto the remaining axes using the QDIAG program, which is available from the PROSPE database. 82 The angle through which the rotation is performed, φ, is determined by the value of χ ab appropriate to the nucleus under examination. χ ab ( 79 Br) was not determined during the analysis of experimental spectra for C 3 H 3 79 BrN 2 , so the angle of rotation for this isotopologue was assumed to be equal to that determined for χ ab ( 81 Br) for C 3 H 3 81 BrN 2 . Values were also not determined from χ ab for nitrogen nuclei in 4-bromopyrazole, so the appropriate angles of rotation were determined ab initio from the CCSD(T) results for the lighter isotopologue. For each halogen nucleus (denoted by X), the z-axis is aligned with the orientation of the C− −X bond, and the y-axis is perpendicular to the plane of the molecule, with φ being the angle between the a-and z-axes. For the nitrogen nuclei, the convention used by Böttcher et al. is adopted, 14 with the z-axis perpendicular to the plane and φ selected to be the angle between the a-and x-axes. 14 Table III presents the evaluated components of the nuclear quadrupole coupling tensors of 4-iodopyrazole and 4-bromopyrazole referenced against the appropriate principal nuclear axes. Results are compared with those of the unhalogenated pyrazole molecule.
The nuclear quadrupole coupling constants for the nitrogen atoms in the 4-halopyrazoles studied are very similar to those in unhalogenated pyrazole implying that the electronic environment around the two nitrogen nuclei is not significantly affected by halogenation. 18 Pyrazole is known to attach effectively to enzymes such as ADH, 6, 83 and the similarity implies that 4-iodopyrazole and 4-bromopyrazole will retain the capability of pyrazole to form strong hydrogen bonds. The coupling constants for the halogen nuclei can be afforded with more detailed examination due to the simpler environment around these atoms, consisting of a single carbon-halogen bond. The magnitude of the components of the nuclear quadrupole coupling tensors of iodine and bromine provides valuable insight into the possibility that 4-bromo-and 4-iodopyrazole might form halogen bonds.
E. Ionic character and halogen bonding strength
The component of the nuclear quadrupole coupling tensor of the halogen nucleus aligned with the C− −X bond, χ zz , can be related to the ionic character of the bond, i c , by the equation 18 
where the value of eQq n10 , the contribution to the nuclear quadrupole coupling constant from a single p electron, is 18, 67, 70 The result for each halopyrazole expresses that the fractional ionic character of the C− −X bond is equivalent to the partial negative charge on the halogen atom and is displayed in Table IV . The overall trend is toward an increasing partial negative charge on the halogen atom on descending the table.
A halogen bond can be represented in the form M− −X· · · B, where the halogen atom, X, accepts an electron pair from the donor species, B, which is typically an electronrich species such as a Lewis base. 20 The attraction between these two sub-units depends on the electron distribution around the halogen atom and on the extent of a "σ-hole," an area of low electron density on the halogen atom directly opposite to the R− −X bond. 21 Effects that withdraw electron density from the halogen atom, such as the introduction of electronegative substituents on the M group, will tend to increase the depth of the σ-hole and thus the strength of the halogen bond. [84] [85] [86] Table IV compares values of χ zz and i c for 4-halopyrazoles with those for other brominated or iodinated aromatic molecules for which microwave spectroscopy data are available and the reference species, CH 3 X, CF 3 X, and XCl. The molecules included in Table IV are ranked in the order of decreasing χ zz (Br) although the ordering is broadly similar if molecules are ranked in the order of decreasing χ zz (I). The relative strengths of the halogen bonds formed by each of CF 3 I and ICl (where the halogen bond is formed with the iodine atom) were discussed within a previous study. 87 The comparison was between the values of k σ , the force constant of the halogen bond formed between the iodine atom and the Lewis base, B, in the B· · · ICl and B· · · ICF 3 series (where B is Kr, CO, H 2 S, or NH 3 ), which was calculated from centrifugal distortion constants determined by rotational spectroscopy. It was shown that the magnitude of k σ in B· · · ICF 3 is consistently a factor of two smaller than that in B· · · ICl for a given B. For example, the values of k σ in OC· · · ICF 3 and OC· · · ICl are, respectively, 3.95 and 8.0 N m 1 while those in H 3 N· · · ICF 3 and H 3 N· · · ICl are, respectively, 11.6(2) and 30.4 N m 1 . The value of χ zz (I) for the CF 3 I monomer is 2144.9949 (28) while that for ICl is 2928.821(4) MHz. Evidently, with respect to a comparison between CF 3 I and ICl, there is a broad correlation between the magnitude of χ aa (I) and the strengths of the halogen bonds formed by these species. This is unsurprising because a larger value of χ zz implies a smaller negative charge on the halogen atom and thus a larger "σ-hole."
It can be seen from Table IV that the 4-halopyrazole compounds have values of χ zz (X) that are intermediate between those of CH 3 X and CF 3 X, which implies that the 4-halopyrazoles may form halogen bonds of similar strength to those formed by these comparators. However, it is important to note that small variations of χ zz (X) along the series shown in Table IV do not necessarily indicate an identical trend in respect of the strengths of the halogen bonds formed by these molecules. Zero-point effects will be different for each molecule, the electric field gradient at the nucleus [which can be calculated from χ zz (X)] will not ideally represent the electron density within bonding molecular orbitals, and the incremental variations of χ zz (X) displayed in Table IV are much smaller than the large difference between the respective values of χ zz (X) for CF 3 I and ICl.
Bauman et al. explored the tendency of a range of molecules to bind to the protein HIV-1 reverse transcriptase (RT). 7 The range studied included 2-bromopyrimidine, 4-bromopyridine, 4-iodopyridine, and 2-bromopyridine, for which various data are provided in Table IV . While 2-bromopyrimidine was found to bind to 4 protein sites, the remaining three molecules were not observed to attach to the protein. 7 Broadly correlating the magnitude of χ aa (I) with the strength of halogen bonds formed by each molecule, 2-bromopyrimidine has a very high value of χ zz (Br), which is comparable with that of 4-bromopyrazole implying that 2-bromopyrimidine may form reasonably strong halogen bonds. Given that halogen bonds are highly directional such that M− −X· · · B tends to linearity, the formation of a halogen bond between 2-bromopyrimidine (or any of the other molecules listed above) and RT would require a favourable interaction geometry. It is possible that the high binding tendency of 2-bromopyrimidine also relates to an ability to form hydrogen bonds. However, the nitrogen atoms in 2-bromopyrimidine are adjacent to the bromine atom and therefore perhaps less optimally positioned for the formation of hydrogen bonds than those in 4-bromo-and 4-iodopyridine.
Bauman et al. noted that 4-bromo-and 4-iodopyrazole are able to attach to 15 and 21 binding sites on RT, respectively, significantly more than any other species examined. 7 From the data obtained during this work, a partial explanation of this high binding tendency can be provided. The implication of the present work is that 4-halopyrazoles are likely to form halogen bonds that are broadly comparable in strength to those formed by CH 3 X and CF 3 X. Measurements of the nuclear quadrupole coupling constants of the nitrogen atoms within the halopyrazoles confirm that charge distribution around the pyrazole sub-unit is not significantly perturbed by the presence of the halogen atom. This implies that the halopyrazoles will retain the strong hydrogen bonding ability of the (unhalogenated) pyrazole monomer. The hydrogen and halogen bonding sites in the 4-halopyrazoles are located on opposite sides of the pyrazole ring. Consequently, stable bridging binding modes involving hydrogen and/or halogen bonds can be envisaged between different protein sites, as observed by Bauman et al., 7 while the small size of the molecule (being only a five-membered ring) will assist access to binding pockets. The fact that 4-iodopyrazole tends to bind to a greater number of binding sites than 4-bromopyrazole is unsurprising because the more polarisable iodine atom is able to form deeper σ-holes and thus stronger halogen bonds. 21 
V. CONCLUSIONS
The pure rotational spectra of 4-bromo-and 4-iodopyrazole have been recorded in the 2.0-18.5 GHz region. Rotational, centrifugal distortion and nuclear quadrupole coupling constants appropriate to the vibrational ground state of each molecule have been precisely determined from the experimentally observed spectra. Geometrical parameters determined from the rotational constants are consistent with molecular geometries calculated using density functional theory. The measured nuclear quadrupole coupling constants have been analyzed to explore the distribution of charge within these molecules. The data confirm that both 4-bromo-and 4-iodopyrazole may form halogen bonds and will retain the ability of pyrazole to form hydrogen bonds to proteins. The rotational spectra of molecules in excited vibrational states have been previously measured by the technique employed here. While over a thousand transitions were assigned during the present work, the number of transitions recorded but not assigned to a molecular carrier was very small. It is therefore not possible to confirm whether the methods employed herein might allow the generation and study of rotational spectra of vibrationally excited states of either 4-iodopyrazole or 4-bromopyrazole.
SUPPLEMENTARY MATERIAL
See supplementary material for (i) lists of observed transition frequencies and quantum number assignments for each isotopologue investigated and (ii) ab initio calculated coordinates of nuclei in 4-bromopyrazole and 4-iodopyrazole.
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